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Background: The effect of caloric restriction (CR) in the setting of diabetes on bone metabolism has not yet been fully studied. 
The aim of this study is to determine if short-term CR alters bone mass and metabolism in Otsuka Long-Evans Tokushima fatty 
(OLETF) rats, an animal model of type 2 diabetes. 

Methods: Four groups (« = 5) were created: OLETF rats with food ad libitum (AL), OLETF rats with CR, Long-Evans Tokusima 
Otsuka (LETO) rats with food AL, and LETO rats with CR. The CR condition was imposed on 24-week-old male rats using a 
40% calorie reduction for 4 weeks. The effect of CR on femoral bone mineral density (BMD) was assessed by dual-energy X-ray 
absorptiometry. Serum markers were measured by immunoassay. 

Results: After 4 weeks of CR, body weight decreased in both strains. The BMD decreased in LETO rats and was maintained in 
OLETF rats. After adjustment for body weight, BMD remained lower in LETO rats (P=0.017) but not OLETF rats (P=0.410). 
Bone-specific alkaline phosphatase levels decreased in LETO rats (P=0.025) but not in OLEFT rats (P=0.347). Serum leptin 
levels were reduced after CR in both strains, but hyperleptinemia remained in OLETF rats (P=0.009). CR increased 25-hy- 
droxyvitamin D levels in OLETF rats (P=0.009) but not in LETO rats (P=0. 117). Additionally, interleukin-6 and tumor necrosis 
factor-a levels decreased only in OLETF rats (P=0.009). 

Conclusion: Short-term CR and related weight loss were associated with decreases of femoral BMD in LETO rats while BMD 
was maintained in OLETF rats. Short-term CR may not alter bone mass and metabolism in type 2 diabetic rats. 
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INTRODUCTION 

Caloric restriction (CR) consistently extends the lifespan of 
animals, regardless of species or sex, and significantly reduces 
the incidence of numerous age-related diseases and lesions [1]. 
Despite the beneficial aspects of CR in terms of mortality and 



disease, diet affects bone health [2] and CR paradigms may 
adversely affect bone physiology and mechanics. 

Type 2 diabetes mellitus (T2DM) is caused by resistance to 
insulin and inadequate compensatory insulin secretion in re- 
sponse to glucose [3]. It is commonly associated with obesity, 
which has been shown to be a good predictor of bone mineral 
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density (BMD). However, there are conflicting reports on the 
association between BMD and T2DM. Different researchers 
have observed increased BMD [4-8] and no association or de- 
creased BMD [9-15]. 

In patients with early T2DM, lifestyle modifications, in- 
cluding diet-control measures such as short-term CR, are com- 
mon treatment methods. However, it is not known if short- 
term CR alters BMD in patients with early T2DM. To study 
the relationship between BMD and CR we chose the Otsuka 
Long-Evans Tokushima fatty (OLETF) rat as an animal model 
of T2DM. The characteristic features of OLETF rats are: 1) 
late-onset hyperglycemia, 2) a chronic course of diabetes, 3) 
mild obesity, and 4) early-stage hyperinsulinemia. The OLETF 
rat develops diabetes spontaneously from 24 weeks of age, 
which is then followed by the development of several diabetic 
complications [16]. Therefore, the OLETF rat is suitable for 
early T2DM animal models at 24-weeks of age. This study 
was designed to clarify whether bone mass and metabolism 
are affected by short-term CR in rats with early T2DM. 

METHODS 
Animals 

Animal experiments were approved by the University Ethics 
Committee and local authorities and were conducted accord- 
ing to official guidelines. 

Male OLETF (early T2DM) and Long Evans Tokusima Ot- 
suka (LETO; control) rats aged 5 weeks were obtained from 
Tokushima Research Institute Otsuka Pharmaceutical Co., Ltd. 
(Tokushima, Japan). The rats were divided into four groups 
according to the following conditions: OLEFT rats fed ad libi- 
tum (AL; OLETF-AL group, « = 5), OLETF rats with CR 
(OLETF-CR group, «=5), LETO rats fed AL (LETO-AL 
group, « = 5), and LETO rats with CR (LETO-CR group, n = 5). 
CR was started at 24 weeks of age when OLETF rats develop 
diabetes spontaneously. We weaned OLETF and LETO rats 
onto a 40% calorie-restricted or normal diet. AL groups were 
fed a standard laboratory solid diet formulation (AIN-76A Pu- 
rified Rodent Diet) and CR group were fed the same diet at 
60% of the normal AL consumption for 4 weeks. Each animal 
was housed in a separate cage with free access to water and a 
12-hour hght/dark cycle (hghts on at AM 7:00 and off at PM 
7:00). Food intake and body weight were recorded daily. 

Measurement of BMD 

We measured the BMD of all rats at baseline and after the 
Copyright © 2014 Korean Endocrine Society 



4-week dietary intervention (AL or CR). The BMD values for 
the right femur were measured in vivo by dual-energy X-ray 
absorptiometry (DXA) using a Lunar Prodigy densitometer 
(GE Medical, Madison, WI, USA) calibrated daily using a 
standard phantom provided by the manufacturer. The DXA 
scanner was set up for the analysis of small animals. All analy- 
ses were conducted by high-precision DXA with a 1-mm scan 
pitch and the region of interest was the whole femur. For each 
scan, the rat was placed in a supine position with the hind legs 
maintained in abduction by taping the feet to the pelvis with 
the tibia placed at a 45° angle to the femur. DXA measure- 
ments were repeated three times without repositioning and the 
values obtained were averaged. The coefficient of variation 
for the total hip was less than 1%. 

Serum sampling and biochemical assays 

All animals were dissected under ether anesthesia at the age of 
28 weeks. A fasting blood sample was taken from the abdomi- 
nal aorta of each rat. Each blood sample was centrifuged at 
2,500 Xg for 15 minutes to extract serum and all serum sam- 
ples were stored at -70°C. We measured serum leptin (Crystal 
Chem Inc., Downers Grove, IL, USA), adiponectin (Cusabio 
Biotech Co., Ltd., Hubei, China), C-telopeptide of type-1 col- 
lagen (CTX, Cusabio Biotech Co., Ltd.), insulin (Mercodia 
AB, Uppsala, Sweden), and 25-hydroxy vitamin D (25(OH)D, 
ALPCO Diagnostics, Salem, NH, USA) using enzyme-linked 
immunosorbent assays. Levels of bone-specific alkaline phos- 
phatase (BSAP), interleukin-6 (IL-6), and tumor necrosis 
factor-a (TNF-a) were measured by an antibody detection 
method (Milhpore, Billerica, MA, USA). 

Statistical analysis 

Data were analyzed and assessed using the SPSS software ver- 
sion 18.0 (IBM Co., Armonk, NY, USA). For all variables, de- 
scriptive statistics, including mean and standard deviations of 
each group, were determined. Differences in all parameters 
between the four groups were assessed by the Mann- Whitney 
U test. Differences in all parameters between baseline and 
postintervention were assessed by the Wilcoxon signed rank 
test. To compare the BMD values adjusted by weight, we used 
the analysis of covariance. AP<0.05 was considered to indi- 
cate statistical significance. 

RESULTS 

At 24 weeks of age, we measured the baseline body weight 
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and glucose levels in each group. At the time of diet alloca- 
tion, we confirmed the diabetic status of OLETF rats by con- 
firming the presence of higher glucose levels compared to 
LETO rats (P=0.009). For both strains, baseline characteris- 
tics did not differ between the AL and CR groups. 

Baseline and postintervention values 

In LETO rats, there was no significant difference between 
baseline and postintervention serum glucose levels in either 
group (P=0.176 in the AL group and P=0.465 in the CR 
group). After 4 weeks, there was no difference in serum glu- 
cose levels between the AL and CR groups (P=0.170). Body 
weight increased after 4 weeks of AL feeding (P=0.043) but 
decreased in the CR group (P=0.043) compared with baseline. 
After the 4-week dietary intervention, body weight was signif- 
icantly different between the AL and CR groups (P=0.001). 
After the 4-week dietary intervention, femur BMD tended to 
be higher compared to baseline in the AL group (0.264±0.008 
vs. 0.275 + 0.013; P=0.068) and significantly decreased in the 
CR group (0.259±0.006 vs. 0.216±0.004; P=0.039). After 
adjustment for body weight, femur BMD in LETO rats was 
significantly lower in the CR group compared to the AL group 
(0.276±0.010 vs. 0.215±0.001; P=0.017). 

In OLETF rats, serum glucose levels and body weight in- 
creased from baseline in the AL group (P=0.043) but de- 
creased in the CR group (P=0.043). The 4-week dietary inter- 
vention caused significant differences in serum glucose levels 



and body weight between the AL and CR groups (P=0.009). 
After the 4-week dietary intervention, femur BMD increased 
slightly in the AL group (P=0.068) but not in the CR group 
(P=0.713). Contrary to findings in the LETO rats, after ad- 
justment for weight, femur BMD tended to be higher in the 
CR group but this finding was not statistically significant (P= 
0.401) (Table 1, Fig. 1). After 4 weeks of CR, the change of 
BMD in LETO of CR group and those in OLETF of CR group 
was significantly different with repeated measure analysis of 
variance (P=0.013). At the end of the study time, femur BMD 
increased under CR conditions only in OLETF rats. 




after 



LETO- LETO- OLETF- OLETF- 
AL CR AL CR 



Fig. 1. After 4 weeks of caloric restriction (CR), the bone mineral 
density of the whole femur decreased in Long-Evans Tokushima 
Otsuka (LETO) rats and was maintained in Otsuka Long-Evans 
Tokushima fatty (OLETF) rats. AL, ad libitum. "P<0.05 compared 
with baseline. 



Table 1. Baseline Characteristics and Bone Mineral Density Changes after 4 Weeks of Caloric Restriction 


Characteristic 


LETO-AL 


LETO-CR 


P value 


OLETF-AL 


OLETF-CR 


P value 


BaseUne (age 24 weeks) 














Glucose, mg/dL 


113.0 + 7.8 


105.6+6.9 


0.150 


210.8 + 37.0 


182.0+44.0 


0.347 


Body weight, g 


543.6+10.4 


535.6+20.4 


0.475 


650.0+11.9 


660.6+7.1 


0.115 


Femur BMD (unadjusted), g/cm^ 


0.264+0.008 


0.259 + 0.006 


0.114 


0.278+0.040 


0.288+0.031 


0.675 


Femur BMD (weight-adjusted), g/cm" 


0.264+0.003 


0.260+0.003 


0.397 


0.287+0.035 


0.286+0.037 


0.847 


After 4 weeks of CR (age 28 weeks) 














Glucose, mg/dL 


108.0+4.2 


103.2 + 5.7 


0.170 


290.8 + 59.2' 


110.2 + 7.1'" 


0.009 


Body weight, g 


572.6+6.7" 


484.2+23.5'-'' 


0.009 


677.8+16.9- 


637.6+10.7'" 


0.009 


Change in body weight, % 


5.4+2.8 


-9.6+1.6" 


0.000 


4.3 + 1.4 


-3.8+1.5" 


0.009 


Femur BMD (unadjusted), g/cm^ 


0.275+0.013 


0.216+0.004''' 


0.009 


0.288+0.037 


0.286+0.038 


0.917 


Femur BMD (weight-adjusted), g/cm" 


0.276+0.010 


0.215 + 0.001" 


0.017 


0.268+0.024 


0.305+0.024 


0.410 


Values are expressed as meani SD. 

LETO, Long-Evans Tokushima Otsuka; AL, ad libitum; CR, caloric restriction; OLETF, Otsuka Long-Evans Tokushima fatty; BMD, bone mineral 
density. 

''P<0.05 compared with baseline; ''PK0.05 compared with AL. 
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Biochemical mariner levels after the 4-week dietary 
intervention 

CR lowered leptin levels in both rat strains (P=0.009) and in- 
creased adiponectin levels in OLETF rats (P=0.009) but not 
LETO rats. Levels of the bone fomation marker BSAP were 
decreased after CR in LETO rats (P=0.027) but not in OLETF 
rats (P=0.347). CR did not affect levels of CTX, a well-known 
bone resorption marker, in either strain. After CR conditions, 
25(OH)D levels were significantly increased in OLETF rats 
(P=0.009) but not in LETO rats (P=0.117). Levels of the in- 
flammatory markers IL-6 and TNF-a were significantly low- 
ered after CR in OLETF rats (P=0.009) but not in LETO rats 
(Table 2, Fig. 2). 

DISCUSSION 

It is well known that BMD and bone strength can be predicted 
by body mass. However, our data showed that short-term CR 
does not lead to bone loss in rats with T2DM, despite weight 
loss. We thought bone loss that accompanies weight loss is not 
simply attributable to a decrease in load bearing by the skele- 
ton and is likely affected by many other factors such as endo- 
crine disease, hormonal changes, nutrition, and inflammation. 
Bone metabolism affected by the adipocyte homones leptin 
and adiponectin has been extensively studied. Plasma leptin is 
16-kDa protein hormone that plays a key role in regulating en- 
ergy intake and expenditure, including appetite and hunger, 
metabolism, and behavior. It increases with weight gain and 
falls during CR [17]. The relationship between leptin and bone 
metabolism is complex and previous studies have reported 
negative [18], positive [19-22], and no correlations [23,24]. 



Table 2. Adipokines, Bone Turnover Markers, Inflammatory Markers, and 25-Hydroxyvitamin D Levels after 4 Weeks of Caloric 
Restriction 





LETO-AL 


LETO-CR 


P value 


OLETF-AL 


OLETF-CR 


P value 


Insulin, ng/mL 


0.29 2 + 0.247 


0.078+0.018 


0.009 


1.886+1.345 


0.310+0.266 


0.076 


Leptin, ng/mL 


7.637 + 0.461 


5.348+0.944 


0.009 


24.680+3.056 


11.770+1.679 


0.009 


Adiponectin, ng/mL 


31.986+1.918 


33.486+2.065 


0.175 


18.886+2.604 


32.086+0.963 


0.009 


BSAP, ng/L 


13.286+0.250 


12.965+0.077 


0.025 


13.692+0.266 


13.457+0.313 


0.347 


CTX, ng/mL 


17.600+0.573 


18.190 + 0.951 


0.251 


17.093+0.224 


17.180+0.482 


0.754 


25(OH)D, ng/mL 


9.348+0.240 


9.707+0.316 


0.117 


6.793 + 1.130 


8.978+0.451 


0.009 


IL-6, ng/mL 


3.289+0.870 


2.745+0.389 


0.402 


11.128+2.206 


4.451 + 1.347 


0.009 


TNF-a, ng/mL 


1.594+0.422 


1.330+0.188 


0.402 


5.392+0.972 


2.157+0.653 


0.009 



Values are expressed as mean+SD. P<Q.05 was considered to indicate statistical significance. 

LETO, Long-Evans Tokushima Otsuka; AL, ad libitum; CR, caloric restriction; OLETF, Otsuka Long-Evans Tokushima fatty; BSAP, bone-specific 
alkaline phosphatase; CTX, C-telopeptide of type 1 collagen; 25(OH)D, 25-hydroxyvitamin D; lL-6; interleukin-6; TNF-a, tumor necrosis factor-a. 



Hamrick et al. [25] suggested that the drop in leptin levels with 
CR leads to reduced bone mass in mice, which is consistent 
with other studies showing that leptin treatment prevents re- 
ductions in bone formation marker levels during conditions of 
nutritional stress [26,27]. In our study, leptin levels decreased 
after CR in both strains but the absolute level of leptin remained 
higher in OLETF rats. This likely explains why OLETF rats 
subjected to CR did not lose bone mass or show reductions in 
the levels of bone formation markers. On the other hand, BMD 
decreased in LETO rats with reduction in leptin levels owing to 
their higher sensitivity than in OLETF rats. 

40.00 r 



35.00 - 




Leptin 25(OH)D IL-6 TNF-a 

nection 

Fig. 2. After 4 weeks of caloric restriction (CR), leptin levels de- 
creased in Long-Evans Tokushima Otsuka (LETO) and Otsuka 
Long-Evans Tokushima fatty (OLETF) rats. In OLETF rats, inter- 
Ieukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) levels de- 
creased after CR, while 25-hydroxyvitamin D (25(OH)D) levels 
increased. AL, ad libitum. ''P<0.01 compared with LETO-AL rats; 
'=P<0.0 1 compared with OLETF-AL rats. 
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Adiponectin is another adipocyte hormone that might have 
an effect on bone under search. Even though no direct com- 
parison regarding the effect of CR on adiponectin levels be- 
tween type 2 diabetes and control has been performed, there 
are some conflicting reports discussing the relationship be- 
tween adiponectin and BMD. A few studies reported a nega- 
tive association between adiponectin and bone [28,29] while 
others reported a positive association. In previous studies, adi- 
ponectin was shown to stimulate osteoblast proliferation in vi- 
tro [30] and adenoviral overexpression in mice promoted bone 
formation in vivo [31]. Thus, it is suggested that an increase in 
adiponectin with weight loss might be expected to have a 
stimulatory effect on bone. In this study, adiponectin was un- 
changed in LETO rats and was increased in OLETF rats. This 
may be an explanation as to why BMD did not decrease in 
OETF rats. Even though evidence for associations between 
circulating adipose hormone concentrations and BMD or bone 
turnover markers has been contradictory, there is evidence that 
reported signaling by adipokines, such as leptin, may be in- 
volved in the suppression of bone formation under conditions 
of CR [32]. One study showed that leptin prevents the fall in 
plasma osteocalcin during starvation in male mice [26] and 
Tatsumi et al. [32] demonstrated that life-long CR suppresses 
bone formation in C57BL/6 mice, but not in db/db mice. Like- 
wise, in this study, BSAP levels decreased in LETO rats, but 
not in OLETF rats, after short-term CR. The exact mechanism 
by which CR suppresses bone formation has not yet been clar- 
ified. However, a possible mechanism that has been suggested 
is peripheral body fat may regulate bone metabolism through 
systemic circulating factors in addition to its effects on bone 
mediated by load-bearing [33]. 

A recent study showed that prolonged CR is associated with 
lower BMD in lean female rats compared to obese rats [34]. 
One of the possible explanations was that energy restriction is 
less detrimental to bone in obese rats compared with lean rats, 
possibly owing to the fact that conditions of CR increased vita- 
min D levels in obese rats. This can be explained by obesity, a 
state of body fat expansion and insulin resistance, and has been 
found to be associated with low levels of serum 25(OH)D 
[35,36]. The inverse correlation between obesity and 25(OH)D 
levels is mainly attributed to the sequestration of this fat-solu- 
ble vitamin in adipose tissue. We found the same pattern of vi- 
tamin D levels which were decreased in OLETF rats and in- 
creased by CR. Increase of vitamin D is not inevitable for in- 
crement of BMD and could be one of the reasons BMD was 
maintained. 
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There are some studies explaining how systemic inflamma- 
tion, including T2DM and obesity, affects the bone metabo- 
lism. The production of IL-1, IL-6, and/or TNF-a correlated 
positively with bone loss not only in healthy subjects [37] but 
also in those with nonimmunological chronic diseases, includ- 
ing diabetes [38]. CR reduces the levels of many inflammatory 
mediators [39,40], suggesting a link between energy status and 
inflammation. In our study, after 4 weeks of CR, IL-6, and 
TNF-a levels were significantly decreased in OLETF rats only. 
This is a plausible explanation as to why OLETF rats lost 
weight but maintained bone mass. 

This study has several limitations. First, the DXA method 
used was not specifically designed for animals even though 
we used software designed specifically for small animals. 
However, differences in variables are statistically significant 
because we applied the same DXA method to all experimental 
groups. Moreover, we measured BMD three times in each ani- 
mal and used the mean value. Second, we did not evaluate 
bone strength and bone mass in vitro. Third, we did not deter- 
mine parathyroid hormone levels and calcium status in the 
rats. 

Nevertheless, to our knowledge, this is the first study to 
compare the short-term effects of CR on bone in OLETF rats, 
an animal model of early T2DM. CR decreased the BMD in 
LETO rats and had no effect in OLETF rats. Based on our re- 
sults, it is conceivable that short-term CR may not alter bone 
mass and bone metabolism in patients with T2DM. Clinical 
studies of the efficacy of CR in patients with early T2DM may 
thus be warranted in the future. 
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